Abstract-In a device-to-device (D2D) underlaid cellular network, the uplink spectrum is reused by the D2D transmissions, causing mutual interference with the ongoing cellular transmissions. Massive MIMO is appealing in such a context as the base station's (BS's) large antenna array can nearly null the D2D-to-BS interference. The multi-user transmission in massive MIMO, however, may lead to increased cellular-to-D2D interference. This paper studies the interplay between massive MIMO and underlaid D2D networking in a multi-cell setting. We investigate cellular and D2D spectral efficiencies under both perfect and imperfect channel state information (CSI) at the receivers that employ partial zero-forcing. Compared to the case without D2D, there is a loss in cellular spectral efficiency due to D2D underlay. With perfect CSI, the loss can be completely overcome if the number of canceled D2D interfering signals is scaled with the number of BS antennas at an arbitrarily slow rate. With imperfect CSI, in addition to pilot contamination, a new asymptotic effect termed underlay contamination arises. In the non-asymptotic regime, simple analytical lower bounds are derived for both the cellular and D2D spectral efficiencies.
I. INTRODUCTION
A. Background D EVICE-to-device (D2D) communication enables nearby mobile devices to establish direct links in cellular networks [2] - [4] , unlike traditional cellular communication where all traffic is routed via base stations (BSs). D2D has the potential to improve spectrum utilization, shorten packet delay, and reduce energy consumption, while enabling new peer-to-peer and location-based applications and services [4] , [5] and being a required feature in public safety networks [6] . Introducing D2D poses many challenges and risks to the existing cellular architecture. In particular, in a D2D underlaid cellular network where the spectrum is reused D2D transmission may cause interference to cellular transmission and vice versa. Existing operator services may be severely affected if the newly introduced D2D interference is not appropriately controlled.
The distinctive traits of massive MIMO make it appealing to enable D2D communication in the uplink resources of cel- lular networks. In a massive MIMO system, each BS uses a very large antenna array to serve multiple users in each timefrequency resource block [7] . If the number of antennas at a BS is significantly larger than the number of served users, the channel of each user to/from the BS is nearly orthogonal to that of any other user. This allows for very simple transmit or receive processing techniques like matched filtering to be nearly optimal with enough antennas even in the presence of interference [7] - [14] . This implies that, with a large antenna array at a BS, D2D signals possibly result in close-to-zero interference at the uplink massive MIMO BS, making D2D very simple and appealing in massive MIMO systems. Though D2D-to-cellular interference may be effectively handled by the large antenna array at a BS, cellular-to-D2D interference persists and may be worse in a massive MIMO system. Specifically, massive MIMO is a multi-user transmission strategy designed to support multiple users in each time-frequency block; the number of simultaneously active uplink users is scalable with the number of antennas at the BS. With this increased number of uplink transmitters, the D2D links reusing uplink radio resources will experience increased interference. To protect D2D links, the number of simultaneously active uplink users might have to be limited, eating into massive MIMO gain. It is not a priori clear to what extent the D2D signals would be affected by the multiuser transmission and the tradeoff between supporting D2D communication and scaling up the uplink capacity in a massive MIMO system. Further, if cochannel D2D signals are present when estimating massive MIMO channels, the estimated channel state information (CSI) would become less accurate, which may hurt massive MIMO performance. It is not a priori clear however to what extent the D2D signals would affect the channel estimation and consequently the performance of the massive MIMO system.
Existing research on D2D networking is mainly focused on single-antenna networks (see, e.g., [15] - [20] ) while research on the use of antenna arrays has just begun [21] - [25] . To mitigate or avoid mutual interference between cellular and D2D transmissions, [21] , [22] considered precoding while [23] , [24] studied various relaying strategies. In contrast, [25] proposed not to schedule uplink users that may generate excessive interference to D2D users. How D2D MIMO and cellular MIMO interact, especially in the massive MIMO context, is still largely open.
B. Contributions and Outcomes
The main contributions and outcomes of this paper are summarized as follows. 
1) A Tractable Hybrid Network Model:
We introduce a tractable hybrid network model consisting of both ad hoc nodes and cellular infrastructure, which extends our previous singleantenna D2D model [18] , [20] , [26] to multi-antenna transmission. We consider a multi-cell setting and focus on the uplink which is better than the downlink for D2D underlay [4] . The spatial positions of the underlaid D2D transmitters are modeled by a Poisson point process (PPP). Such a random PPP model is well motivated by the random and unpredictable D2D user locations [27] , [28] . All the transmissions (both cellular and D2D) in this model are SIMO (i.e., single-input multiple-output) with each BS having a very large antenna array. For the receive processing, we extend the partial zero-forcing (PZF) receiver studied in ad hoc networks [29] to the hybrid network in question. Spectral efficiency is used as the sole metric throughout this paper.
2) Spectral Efficiency With Perfect CSI: In the asymptotic regime where the number of BS antennas M → ∞ and with perfect CSI, we find that the received signal-to-interferenceplus-noise ratio (SINR) of any cellular user increases unboundedly and the effects of noise, fast fading, and the interfering signals from the other co-channel cellular users and the infinite D2D transmitters vanish completely. Equivalently, it is possible to reduce cellular transmit power as Θ(1/M ) but still achieve a non-vanishing cellular spectral efficiency, as in the case without D2D underlay [8] . Compared to the case without D2D, with scaled cellular transmit power Θ(1/M ), there is a loss in cellular spectral efficiency if a constant number of D2D interfering signals is canceled. The loss can be overcome if the number of canceled D2D interfering signals is scaled appropriately (e.g., Θ( √ M )). In the non-asymptotic regime, we derive simple analytical lower bounds for both cellular and D2D spectral efficiencies; the derived bounds allow for very efficient numerical evaluation.
3) Spectral Efficiency With Imperfect CSI: We study pilotbased CSI estimation in which known training sequences are transmitted and the receivers use minimum mean squared error (MMSE) estimators for channel estimation. In the asymptotic regime with the estimated CSI, it is known that the received SINR of any cellular user is bounded due to pilot contamination [7] . With D2D underlay, the bounded SINR is further degraded due to a new asymptotic effect which we term underlay contamination. Due to the underlay contamination, we find that scaling down cellular transmit power results in a vanishing cellular spectral efficiency, no matter how slow the scaling rate is. This is dramatically different from the case without D2D underlay, for which [8] shows that cellular transmit power can be scaled down as Θ(1/ √ M ). To recover the power scaling law Θ(1/ √ M ), one possible approach is to deactivate the D2D links in the training phase of massive MIMO; however, compared to the case without D2D, there is a loss in cellular spectral efficiency due to D2D-to-cellular interference in the data transmission phase. Instead, if the cellular transmit power is not scaled down and D2D links are deactivated in the training phase, massive MIMO automatically eliminates the effect of D2D-to-cellular interference in the data transmission phase.
II. MATHEMATICAL MODELS

A. Network Model
Consider a multi-cell D2D underlaid massive MIMO system shown in Fig. 1 . In this system, there are B + 1 cells; in each cell b, b = 0, 1, . . . , B, K cellular user equipments (UEs) transmit to the BS b. We denote by K b the set of the K cellular UEs in the cell b, and C b the coverage area of the cell b satisfying that C b ∩ C b = ∅, ∀b = b . We assume that the K cellular UEs are uniformly distributed in each cell; this assumption is not essential in the analysis but will be used in the simulation. Specifically, as spatial division multiple access would be challenging for cellular UEs of high mobility, it makes more sense to consider static or low-mobility scenarios. Therefore, we condition on cellular UE positions when studying the achievable performance of a particular cellular link. But we still average over all possible realizations of cellular UE positions in the simulation to compute an average overall performance.
The cellular system is underlaid with D2D UEs. The locations of D2D transmitters are distributed as a homogeneous PPP Φ with density λ, as they are random and unpredictable. We partition Φ into B +2 disjoint PPPs Φ 0 , . . . , Φ B+1 , where Φ b = Φ ∪ C b , ∀b = 0, . . . , B, and Φ B+1 = Φ\∪ B i=0 Φ i . Each D2D receiver is located at a random distance of D meters from its associated D2D transmitter with uniformly distributed direction.
We focus on SIMO in this paper, i.e., a transmitter (either cellular or D2D) uses one antenna for transmission, while a BS and a D2D receiver respectively use M and N antennas for receiving. The analysis and results in this paper can be extended to MIMO transmission, i.e., spatial multiplexing, by treating a UE with multiple data streams as multiple co-located virtual UEs, each sending one data stream. We are interested in the performance regime where M is large and the assumption M K is made throughout this paper, as in the seminal work on massive MIMO [7] . Note that the scenario where the ratio K/M converges to some constant has also been widely assumed when studying the asymptotic behaviors of MIMO performance [30] , [31] . Studying this scenario is an interesting topic, which we leave to future work.
In this system, all the transmitters use the same timefrequency resource block, leading to cochannel interference. We assume that cellular and D2D UEs transmit at constant powers P c and P d respectively.
B. Baseband Channel Models
Without loss of generality, we focus on the central cell, whose BS is indexed by b = 0 and located at the origin. This helps simplify the notation. The M × 1 dimensional baseband received signal at the central BS is
where Ξ 
are similarly defined for D2D transmitter i, and v Similarly, the N × 1 dimensional baseband received signal at D2D receiver r is
ri are the shadowing from cellular transmitter k in the cell b to D2D receiver r and from D2D transmitter i to D2D receiver r respectively, d
denoting the position of D2D receiver r, α d > 2 denotes the pathloss exponent of UE-UE links, g (c) rbk , g (d) ri ∈ C N ×1 are the vector channels from cellular transmitter k in the cell b to D2D receiver r and from D2D transmitter i to D2D receiver r respectively, and v
is complex Gaussian noise with covariance N 0 I N .
Note that we have used different pathloss exponents α c and α d for UE-BS and UE-UE links (cf. (1) and (2)) due to their different propagation characteristics. Specifically, the antenna height of a macro BS is tens of meters, while the typical antenna height at a UE is under 2 m. As a result, both terminals of a UE-UE link are low and see similar near street scattering environment, which is different from the radio environment around a macro BS [4] .
In this paper, we assume Gaussian signaling, i.e., {u [33] .
C. Receive Filters
Denote by w r denotes the filter used by D2D receiver r. The performance of the D2D underlaid massive MIMO system depends on the receive filters. In general, either the receive filters can be designed to boost desired signal power or they can be used to cancel undesired interference. In this paper, we focus on a particular type of linear filters: the PZF receiver, which uses a subset of the degrees of freedom for boosting received signal power and the remainder for interference cancellation.
The central BS uses m c and m d degrees of freedom to cancel the interference from the nearestm c cellular interferers and the nearest m d D2D interferers. A feasible choice of (m c , m d ) needs to be in the following set:
The PZF filter w Similarly, each D2D receiver uses n c and n d degrees of freedom to cancel the interference from the nearest n c cellular interferers and the nearest n d D2D interferers, and (n c , n d ) needs to be in the following set:
The PZF filter w Remark on PZF Receiver: Although suboptimal, PZF receivers have several advantages that motivate us to focus on them in this paper. On the one hand, PZF receivers are relatively general: they reduce to maximum ratio combining (MRC) receivers when m c + m d = 0 and n c + n d = 0 and to conventional fully ZF receivers when m c + m d = M − 1 and n c + n d = N − 1. PZF receivers are conceptually similar to MMSE in that they use the degrees-of-freedom for both interference suppression and signal enhancement. It has been shown that PZF receivers can achieve the same scaling law in terms of transmission capacity as MMSE receivers [29] , which is not true for either MRC or fully ZF receivers. On the other hand, PZF receivers are analytically more tractable than other more sophisticated receivers like MMSE receivers from a system point of view. This analytical tractability allows us to develop an explicit characterization of the performance of the massive MIMO system with D2D underlay. Nevertheless, as noted in [29] , MMSE fitlers should be used in practice because they have less stringent CSI requirements while being the optimal linear filters. Specifically, a PZF receiver requires CSI of each canceled interferer, while a MMSE receiver only requires knowledge of the covariance of the aggregate interference. The stringent CSI required by a BS's PZF may be satisfied; we will discuss how UE-BS channels can be estimated in Section IV. In contrast, it may be too expensive to satisfy the stringent CSI requirement of a UE's PZF. To cancel the nearest interferers, a D2D receiver has to know the positions of the interferers; this requirement may be relaxed to some extent by using a PZF that cancels the strongest interferers instead of the nearest interferers. Further, we need to design reference signals for estimating UE-UE channels and the network should coordinate UE-UE channel estimation process. Considering these complexities, a general PZF at a D2D receiver is not practical. Instead, MRC may be preferred, or a MMSE receiver can be used.
III. SPECTRAL EFFICIENCY WITH PERFECT CHANNEL STATE INFORMATION
In this section, we derive the spectral efficiency of cellular and D2D links under the assumption of perfect CSI; the case of imperfect CSI will be treated in the next section.
A. Asymptotic Cellular Spectral Efficiency
For cellular UE k in the central cell, the post-processing SINR with the PZF filter w
where
2 denotes the desired signal power of cellular UE k, I
(c→c) k and I
(d→c) k respectively denote the cochannel cellular and D2D interference powers experienced by cellular UE k and are given by
The spectral efficiency of cellular UE k in the central cell is defined as
where the expectation is taken with respect to the fast fading, shadowing and random locations of UEs. Proposition 1: With perfect CSI and conditioned on {x 
and the cellular interference power I
, the D2D interfer-
, and the noise power w
where → p. denotes the convergence in probability.
Proof: See Appendix A. Prop. 1 shows that with perfect CSI, as M → ∞, the postprocessing SINR (c) k increases unboundedly in probability (as almost sure convergence implies convergence in probability). More specifically, a deterministic received power of the desired signal from cellular UE k (conditioned on its pathloss and shadowing) can be achieved and the effects of noise, fast fading, and the interfering signals from the other K − 1 cellular UEs and the infinite D2D transmitters vanish completely. Therefore, Prop. 1 validates the intuition that with perfect CSI D2D-tocellular interference can be made arbitrarily small with a large enough antenna array at the BS. Note that the D2D-to-cellular interference can be completely nulled out, even though (i) the number of the PPP distributed D2D interferers is infinite and (ii) the mean of the aggregate D2D interference is infinite. Further, the proof of Prop. 1 shows that a simple MRC filter with m c = m d = 0 suffices. Note that a similar convergence as in Prop. 1 has been shown in a non-D2D setup [10] .
Though Prop. 1 shows that arbitrarily large received SINR can be achieved with massive MIMO, this in practice will ultimately fail since the received power cannot be larger than the transmit power. Further, it may not be possible to fully exploit a very high SINR due to practical constraints such as the highest order of modulation and coding schemes. Nevertheless, the large array gains may be translated into power savings for cellular UEs. To quantify the power savings, we first prove the following lemma.
Lemma 1: Consider a PPP {x i } in R 2 with density λ. Each point x i is associated with a sequence of non-negative random marks (11) where C(α) = πλΓ(1 − 1/α), we have used the Laplace functional of the PPP Φ [34] in the second and last equalities and the assumption E F
Lemma 1 shows that the shot noise fields associated with a sequence of independently marked PPPs are well defined if the the first moments of the marks exist. Moreover, they converge to a limiting shot noise field if the distributions of the marks as well as the 
where SNR
where the Gamma function Γ(x) = With D2D underlay, the asymptotic result (12) shows that there is a loss in cellular spectral efficiency due to the uncanceled interfering signals from the D2D transmitters in Φ 
Proof: According to Stirling's formula, Γ(t + 1) ∼ √ 2πt t e t , when t is large. It follows that
. (17) This completes the proof.
Before ending this subsection, we would like to point out that the power scaling law Θ(1/M ) does not imply that cellular UEs can transmit at a vanishing power level as M increases to infinity. A more appropriate understanding is that large power savings are possible when M is large, and there exists a limiting cellular spectral efficiency. For example, numerical results (e.g., Fig. 3) show that when M is on the order of several hundred, the limiting cellular spectral efficiency is reached and the power savings are about 20-30 dB. Increasing M further theoretically leads to more power savings, but the conclusion becomes fragile since non-ideal effects like spurious emission may not be negligible when P c /M becomes too small. The power scaling law for imperfect CSI case studied in Section IV should also be understood in a similar fashion.
B. Non-Asymptotic Cellular Spectral Efficiency
Next we analyze the cellular spectral efficiency in the nonasymptotic regime to generate more insights into the impact of the various system parameters. To this end, using Jensen's inequality we derive a lower bound for R 
where ρ(m, α) is defined in (14) .
Proof-(Sketch):
Using the convexity of the function log 1 + 1 x and applying Jensen's inequality,
], and then plugging them into the above inequality yields (18) . The detailed proof can be found in the technical report [35] .
Note that the first term in the denominator of (18) corresponds to the uncanceled cellular interference; it decreases as m c increases. Similarly, the second term in the denominator of (18) corresponds to the uncanceled D2D interference; it decreases as m d increases. In contrast, the numerator of (18) We may optimize the PZF filter w 
This is a combinatorial optimization, and finding the global optimum involves exhaustive search over the feasible space Z c . In practice, each BS only cancels intra-cell cellular interference, leading to 0 ≤ m c ≤ K − 1. Further, existing studies (see, e.g., [29] ) show that canceling a few Poisson distributed interferers provides close-to-optimal performance. This implies that it suffices to consider a few small values for m d . These two facts greatly reduce the search space for (m c , m d ). A demonstrative numerical result is given in Fig. 6 in Section V.
C. D2D Spectral Efficiency
For D2D receiver r, the post-processing SINR with the PZF filter w
denotes the desired signal power of D2D Tx-Rx pair r, I
(c→d) r and I (d→d) r respectively denote the cochannel cellular and D2D interference powers experienced by D2D receiver r and are given by
The spectral efficiency of D2D Tx-Rx pair r is defined as
where the expectation is taken with respect to the fast fading, shadowing and random locations of UEs.
As the number N of antennas at UEs is often limited due to hardware constraints, it is not very meaningful to study the asymptotic performance with N → ∞. Instead, as in the case of cellular spectral efficiency, we provide a lower bound for R 
and ρ(m, α) is defined in (14).
Proof: The proof is similar to that of Prop. 4 and is omitted for brevity.
Many of the remarks on Prop. 4 apply to Prop. 5 as well and are not repeated here. One additional remark is that the cellularto-D2D interference is not homogeneous: the D2D receivers located in the boundary of the cellular network experience less cellular interference than the D2D receivers located in the central cell. But if we focus on the D2D performance in the central cell and choose the number of cellular cells large enough, this heterogeneity can be made negligible.
IV. SPECTRAL EFFICIENCY WITH IMPERFECT CHANNEL STATE INFORMATION
A. Estimating UE-BS Channels
We consider pilot-based CSI estimation in which known training sequences are transmitted and used for estimation purpose. To alleviate the training overhead and coordination complexity, we assume that each BS b does not estimate the channels from other-cell transmitters (either cellular or D2D). 
where the T c × 1 dimensional vector u 
k denotes the equivalent channel estimation "noise" and is given bỹ
Lemma 2:
The linear MMSE estimate of h (s) 0k , s ∈ {c, d}, is given byĥ
Further, E[ĥ
As for the estimation error
The proof can be found in the online technical report [35] .
Lemma 2 shows that the longer the length T c of a training sequence, the smaller the covariance of the estimation error 
B. Asymptotic Cellular Spectral Efficiency
In this subsection, we examine the asymptotic performance of the cellular links as M → ∞. For simplicity, we focus on
0k is the MRC filter. Since multiplying the filter by a constant does not affect the postprocessing SINR, we may choose w
The first term in (29) is the usual phenomenon appearing in massive MIMO [7] . In particular, it indicates that asymptotically the effects of uncorrelated receiver noise and fast fading vanish, and there is no intra-cell interference. The remaining effect is the residual other-cell interference due to pilot reuse across the cells [7] . With D2D underlay, we observe that a new effect (i.e., the last term in (29) ) indicating the residual D2D-to-cellular interference arises. The reason why the effect of D2D underlay does not vanish can be explained as follows. The interfering signal of D2D transmitter i in the training phase correlates with the interfering signal of D2D transmitter i in the data transmission phase through the common channel vector h (d) i . Therefore, unlike the uncorrelated receiver noises in the estimation phase and in the data transmission phase, when multiplying the estimated channelĥ (c) 0k with the received signal y (c) 0 , the effect of D2D underlay cannot be eliminated even with infinitely many antennas at the BS. We term this effect underlay contamination. 1 Note that the D2D underlay contamination term in (29) involves the products of complex Gaussian random variables u
i , the D2D interfering signals are not Gaussian distributed. It is known that given a covariance constraint Gaussian noise is the worst-case noise for additive noise channels. Therefore, treating the D2D interfering signals as Gaussian noises, we obtain the following Lemma 3. k is achievable for cellular UE k in the central cell.
, and
Unlike the perfect CSI case in which the SINR of a cellular link can be made arbitrarily large (c.f. Prop. 1), Lemma 3 shows that with imperfect CSI there is a limit on the received SINR in massive MIMO due to the pilot contamination and D2D underlay contamination. With D2D underlay, conditioned on UE positions and shadowing, the loss of SINR of cellular UE k in the central cell is 10 log 10 (1 +Î
There are four possible approaches to mitigate the loss. First, we can decrease the D2D transmit power. This approach reduces the link budgets of D2D links, limiting the range of D2D communication. Second, we can increase the cellular transmit power. This approach increases the energy consumption of 1 Though the effect of underlay contamination is observed under a MRC receiver, we conjecture that it would still hold for general PZF receivers. This is because the estimated desired UE-BS channels inevitably contain the channels from uncoordinated underlaid D2D UEs. When the BS processes the received signals to detect its desired data symbols, it also coherently (at least partially) combines the underlaid D2D interfering signals. As a result, the D2D interference would persist even in the asymptotic regime. Due to space constraints, we leave the detailed study to future work. cellular UEs and also results in more cellular-to-D2D interference. Third, we can increase the length of training sequences. But longer training sequences consume more cellular transmission resources in terms of both power and bandwidth. Fourth, we can deactivate the D2D links in the training phase of massive MIMO. Then we retain the usual asymptotic cellular spectral efficiency in massive MIMO:
Certainly, the last approach reduces time resources for D2D communication.
The following Corollary 1 shows that with D2D underlay contamination it is impossible to scale down cellular transmit powers, and thus D2D underlay hurts the energy efficiency of cellular UEs in massive MIMO.
Corollary 1: Scaling down cellular transmit powers results in a vanishing cellular spectral efficiency, i.e.,R (c)
To achieve a non-vanishing cellular spectral efficiency while scaling down cellular transmit powers, one solution is to schedule two independent sets of active D2D transmitters in the estimation phase and in the data transmission phase of massive MIMO. This solves underlay contamination. The disadvantage is that the BSs cannot use the estimated D2D UE-BS channels in the estimation phase to cancel the interference from the other set of D2D transmitters in the data transmission phase. Therefore, its performance is not clear in the non-asymptotic regime. Another simple solution is to deactivate the D2D links in the training phase of massive MIMO. Then we can scale down cellular transmit powers as in the following Prop. 6.
Proposition 6: With D2D links deactivated in the training phase of massive MIMO and scaled cellular transmit power
of cellular UE k in the central cell converges as follows.
Proof: See Appendix C. Next we give a more explicit expression for the asymptotic cellular spectral efficiency to allow for efficient numerical evaluation.
Proposition 7: The achievable spectral efficiencyR
Proof: For any [36] . Therefore,
Using the above equality, the linearity of expectation, and the independence ofŜ
The 
which equals (35) .
V. SIMULATION AND NUMERICAL RESULTS
In this section, we provide simulation and numerical results to demonstrate the analytical results and obtain insights into how the various system parameters affect the cellular and D2D spectral efficiencies. The specific parameters used are summarized in Table I unless otherwise specified. The cellular network consists of 19 hexagonal cells; the side length of each cell is R c . There are K uniformly distributed cellular UEs in each cell, while D2D UEs are distributed as a PPP. The shadowing is lognormal with deviation σ (dB). The pathloss parameters given in Table I correspond to a carrier frequency of 2 GHz. Specifically, we use the 3GPP macrocell propagation model (urban area) for UE-BS channels [37] and the revised Winner+B1 model (nonlight-of-sight with −5 dB offset) for UE-UE channels [2] . Note that different pathloss reference values C c,0 and C d,0 are used in the UE-BS and UE-UE channels. Therefore, when evaluating the analytical expressions using the parameters in Table I , P c = 23 − C c,0 (dBm) and P d = 13 − C c,0 (dBm) for the UE-BS channels while P c = 23 − C d,0 (dBm) and P d = 13 − C d,0 (dBm) for the UE-UE channels. We first compare the simulated cellular spectral efficiency to the corresponding analytical lower bound (18) under various PZF parameters (m c , m d ) in Fig. 2 . The conditioned random variables in (18) are averaged out in Fig. 2 . We can see that the analytical lower bound (18) closely matches the simulation. The larger m d , the better match between the simulation and the analytical lower bound (18) . This is because larger m d implies less D2D-to-cellular interferers and thus smaller interference variance. As a result, the lower bound based on Jensen's inequality becomes more accurate with larger m d . Comparing the spectral efficiency with (m c , m d ) = (0, 2) to that of (m c , m d ) = (3, 2), we can see that the latter is better and the spectral efficiency gain is about 1.6 bps/Hz. This implies that it is beneficial to appropriately suppress the cochannel cellular interference in practical non-asymptotic regime.
Since the lower bound (18) is accurate, next we use it to demonstrate the cellular spectral efficiency with scaled cellular transmit power (i.e., P c → P c /M ) in Fig. 3 . We consider two PZF choices: PZF with constant m d and PZF with scaled
As a benchmark, we also include the curves corresponding the scenarios without D2D underlay. Also, D2D transmit power is decreased by 10 times to accelerate the convergence. Several observations from Fig. 3 are in order. First, unlike the case with unscaled cellular transmit power, Fig. 3 shows that it does not matter asymptotically whether cellular interference is canceled or not. Second, adopting a constant m d results in a fixed loss in the cellular spectral efficiency due to the underlaid D2D interference; this loss cannot be overcome by increasing the number of BS antennas when the cellular transmit power is also scaled down as Θ(1/M ). This observation confirms the analytical results in Prop. 2. Third, the loss in the cellular spectral efficiency due to D2D underlay can be overcome by scaling m d as Θ( √ M ), validating the theoretical finding in Prop. 3. But the convergence rate is relatively slow. Fig. 4 compares the simulated D2D spectral efficiency to the corresponding analytical lower bound (24) under different deterministic D2D distances and (n c , n d ) = (0, 2). The conditioned random variables in (24) are averaged out in Fig. 4 . We can see that the analytical lower bound (24) closely matches the simulation when N ≥ 6 while being a bit loose when N < 6. The accuracy of the lower bound obtained from Jensen's inequality implies that after canceling 2 nearest D2D interferers, the variance of the residual interference is relatively small. Next we evaluate the effect of multi-user cellular transmission on D2D spectral efficiency. Fig. 5 shows the D2D spectral efficiency as a function of the number K of co-channel cellular UEs per cell. Not surprisingly, as K increases, D2D spectral efficiency decreases due to the increased cellular-to-D2D interference. The interesting observation from Fig. 5 is that even with (n c , n d ) = (0, 0) (i.e., the MRC receiver) the average D2D spectral efficiency is not severely affected by scaling up the number of cellular UEs. For example, when K increases from 10 to 20, the loss in D2D spectral efficiency is less than 0.5 bps/Hz. This implies that we can scale up the uplink capacity in a massive MIMO system without much loss in the average D2D spectral efficiency. cell cellular interference (i.e., m c = 4) provides additional marginal gain; this gain may not be large enough to justify the additional training and BS coordination overhead. Third, it suffices to cancel about 2 to 4 D2D interferers to get close-tooptimal performance. Of course, the last observation depends on D2D transmitter density λ and the number of BS antennas M . With larger λ and M , we may like to cancel a few more D2D interferers. For D2D spectral efficiency, as pointed out in Section II, a general PZF filter is hard to implement in practice; instead, a simple MRC filter with (n c , n d ) = (0, 0) or a MMSE filter should be used. Therefore, we do not consider optimizing D2D spectral efficiency over PZF parameters. Fig. 7 illustrates the effect of D2D underlay contamination on the asymptotic cellular spectral efficiency of massive MIMO. Compared to the case without D2D, where only pilot contamination exists, D2D underlay contamination degrades the achievable asymptotic massive MIMO spectral efficiency. For example, with shadowing deviation σ = 7 dB and πR 2 c λ = 4, the spectral efficiency is reduced from 6 bps/Hz to about 3.8 bps/Hz. Further, the more the underlaid D2D UEs, the smaller the asymptotic cellular spectral efficiency. Fig. 7 shows that when πR 2 c λ ≥ 22 the effect of D2D underlay contamination dominates in the overall effect of pilot and underlay contamination.
VI. CONCLUSION
In this paper, we have studied the spectral efficiency of a D2D underlaid massive MIMO system under perfect and imperfect CSI. We have found that massive MIMO can efficiently handle the D2D-to-cellular interference. Meanwhile, from an average perspective, D2D links are relatively robust to the cellularto-D2D interference even if there are quite many cochannel cellular users. D2D interference does make the estimated CSI in massive MIMO less accurate and thus in turn hurts the cellular spectral efficiency. One simple approach to alleviating this effect is to deactivate D2D links in the cellular training phase. Overall, our study suggests that D2D may be much simpler in massive MIMO cellular systems than in current cellular systems.
Spectral efficiency is used as the sole metric throughout this paper. Future work may carry out throughput analysis by taking into account the overhead cost in channel training, scheduling and possibly retransmissions. Also, it is of interest to consider other more sophisticated receivers like MMSE receivers and linear receivers with successive interference cancellation and compare their system-level performance with that of PZF receivers studied in this paper.
APPENDIX
A. Proof of Proposition 1
We show that a PZF receiver with m c = m d = 0, i.e., the MRC receiver, at the BS suffices. With m c = m d = 0, the PZF receiver w 
Next we show that the D2D interference normalized by M 2 converges to 0 as M → ∞. Note that in this case we cannot directly interchange the order of the limit and the infinite sum to conclude that it converges to 0 almost surely. Instead, we can prove its convergence in probability, i.e., for any > 0, To this end, we partition the D2D transmitters into two groups: one group is composed of those transmitters located within distance r o from the BS and the other group is composed of those transmitters located with distance grater than r o from the BS. Then we have
Next we show in two steps that the two terms on the right hand side of (42) can be made arbitrarily small by choosing M large enough.
Step 1. For the first term on the right hand side of (42), we have
where the first inequality is due to the Markov inequality, the first equality is due to E[Ξ 2 ] = M , and the second equality is due to Campbell's formula [34] , and we use the assumption that α c > 2 in the last equality. It follows that that there exists M 1 (δ) large enough such that for all M ≥ M 1 (δ),
where δ is an arbitrary small positive constant.
Step 2. For the second term on the right hand side of (42),
Here E = {|Φ ∩ B(o, r o )| ≤ C}, where the choice of C depends on δ, and E c is the complement of E. We write C(δ) in the sequel to explicitly spell out this dependency.
Step 2 
Step 2(b). Since 
Combining (46), (48) and (49) obtained in Steps 1, 2(a) and 2(b) respectively, we can find C(δ) large enough such that for all M ≥ max{M 1 (δ), M 2 (δ)},
